Abstract--Mineralogical weathering sequences in sediments overlying lignite beds were investigated in a core (27 m deep) from Calvert, Robertson County, northeast Texas. Weathering trends were evaluated based on the properties and relative distributions of both the expandable and non-expandable minerals. The sulfide minerals in these sediments are the most susceptible to weathering and were only observed in the unaltered (reduced) zone below 7 m. Oxidation of the sulfides has resulted in the formation ofjarosite and gypsum in the upper 7 m of the core (oxidized zone). The oxidized zone is further characterized by reddish brown colors (high chroma), a greater quantity of dithionite-extractable iron, and absence of chlorite. Although the major clay minerals in these sediments (smectite, kaolinite, mica) are largely detrital, weathering has resulted in an increase in the content of kaolinite and a decrease in the content of mica towards the surface. The mica appears to have altered to a high-charge smectite characterized by basal spacings of 32/~ after intercalation with octadecylammonium cations. The high-charge smectite is most abundant in the soil horizons at the top of the core and gradually decreases with depth. A low-charge smectite is the most abundant species in the unweathered parent sediments and increases with depth.
INTRODUCTION
Lignite occurs extensiveIy in the Tertiary (Eocene) Wilcox Formation which outcrops in a northeastsouthwest trend across Texas (Figure 1 ), Arkansas, and parts of Louisiana. The sediments overlying the lignite consist of mainly muds, silts and sands. According to Kaiser (1974) , sedimentation was cyclic resulting in alternating sands and mud-silt-lignite units. A typical sequence is -15 m thick and begins with lignite, then passes into clay, mud, interlaminated mud, and fine sands, and finally into units of flat lying fine sand. As a result of strip mining operations for the lignite, vast quantities of these sediments will be placed on surface of the reclaimed areas. The reclamation strategy in Texas is to level the nonsegregated, randomly mixed sediments down to contours and drainage patterns benchmarked during premining surveys (White, 1978) . There are no plans to segregate and replace soil horizons because the native soils are generally infertile, with sandy surface horizons and dense clay subsoils. It is essential that the properties of these sub-soil sediments be investigated in order to predict the long-term processes that may occur when they are exposed to soilforming processes.
The mineralogical composition of these sediments has been influenced by several factors including variations in the original source of the argillaceous particles, the reducing environment which existed during the lignite-generating period, the diagenetic and lithification processes which occurred after burial, and finally the present-day weathering processes. Weathering has affected these relatively unconsolidated sediments to depths of 10 to 20 m, depending on the texture of the materials . The large quantities of smectite in the soils developed from these sediments may be partly due to alteration of the mica and chlorite during weathering, although it is difficult to distinguish between the smectite that formed as a result of pedogenic weathering and that which may be inherited from the unweathered parent sediments.
The purpose of this study was to investigate the chemical and mineralogical properties of the sediments overlying the lignite and to predict the long-rang e mineralogical changes which may be expected to occur on exposure of these materials to soil-forming processes. Six cores from locations along the major lignite-bearing belt in east Texas (Figure 1 ) were investigated. The following discussion is based mainly on data from core Ro 1 obtained from the main lignite-bearing Calvert Bluff Formation at Calvert in Robertson County. Samples from this core show all the transitions from unoxidized to oxidized, reddish brown materials and finally to soil horizons at the top of the core. from freshly exposed surfaces to avoid contamination. The samples were freeze dried and gently ground to pass through a 2-ram sieve. The pH was determined in 1:1 soil to water suspensions using a digital Chemtrix type-60 pH meter. Pyritic S was determined by extracting the samples with dilute nitric acid followed by determination of the iron released as described by the ASTM method (ASTM, 1974) . For particle-size separation, samples were treated with dithionite-citrate-bicarbonate (Mehra and Jackson, 1960) to remove free iron oxides. The Fe released was determined by atomic absorption spectrophotometry. Excess salts were removed by dialysis before size fractions were obtained by the method of Jackson (1969) . The clay (<2/zm) and silt (5-2/~m) fractions were separated by centrifugation using an International #2 centrifuge. The <0.2-/,m fractions were separated into medium (0.2-0.08/xm) and fine (<0.08/xm) clay fractions using a Sharples centrifuge. Semiquantiative determination. A semiquantitative estimation of the layer silicate minerals in the clay (<2.0 /~m) fractions was carried out as follows: The mica content was calculated from total K (10% K20 = 100% mica). For the determination of total K, samples were digested in HF overnight at room temperature using a procedure similar to that described by Bernas (1968) except that plastic volumetric flasks were employed instead of the heated-digestion pressure vessels. The calcium and potassium cation-exchange capacities (CaEC and KEC, respectively) were determined according to Jackson (1969, p. 256) . The difference between CaEC and KEC was used to calculate the K-fixation capacity (/3) of the Clay using the following expression /3 = [(CaEC -KEC)/CaEC] x 100. The smectite and vermiculite contents were calculated using the procedure of Alexiades and Jackson (1%6) assuming a cation-exchange capacity (CEC) of 154 meq/100 g for vermiculite and 105 meq/100 g for smectite. Estimation of kaolinite and chlorite were based on relative peak intensities obtained from clay films prepared as described by Karlsson et al. (1978) . This method gives highly reproducible XRD intensities. Peak areas of smectite (17-18 •), mica (10 A), chlorite (7.2 A), and kaolinite (7.2 A) were multiplied by factors of 1, 4, 2, and 2, respectively, following the procedure of Biscaye (1965) . In samples containing both chlorite and kaolinite, the kaolinite and chlorite contributions to the 7-A peaks were obtained from slow ( 88176 scans over the 002 and 004 peaks (3.56-3.54 ~) of kaolinite and chlorite, respectively.
MATERIALS AND METHODS

Physical and chemical analyses
Mineralogical characterization X-ray powder diffraction (XRD
Infrared spectroscopy. Infrared (IR) absorption spectra were obtained with a Perkin-Elmer model 283 spectrophotometer using the KBr disc method (0.75 mg of sample in 300 mg of KBr).
Intercalation with n-alkylammonium ions. For characterization of the expandable 2:1 mineral species, coarse clay (2-0.2/zm) samples were intercalated with octadecylammonium cations using a procedure similar to that of Lagaly and Weiss (1%9) . Portions of Na-saturated clay samples (50-100 mg) were placed in 40-ml plastic centrifuge tubes. The samples were then suspended in a minimum of 95% alcohol and mixed well with a vortex mixer. A solution of hot (75~ octadecylammonium hydrochloride (0.1 N) was added (-5 ml), and the suspensions were immediately placed in a water bath set at 75~ for 24 hr. The samples were then washed three times with a 75~ solution of 50:50 water-alcohol. A 30-rain wash at 50~ with an ethanol-water mixture was found to be adequate by Walker (1967) pies were then deposited on glass slides and dried overnight at room temperature before being X-rayed. Two reference montmorillonite samples, Mt02 (Camargo bentonite from Oklahoma supplied by Dr. Lester Reed) and Mt05 (Ca-montmorillonite, STX-I, from Gonzales County, Texas, obtained from The Clay Minerals Repository) were also intercalated with octadecylammonium ions for comparison.
RESULTS AND DISCUSSION
Physical and chemical properties
Fine materials (mainly clay loam, Table 1 ) were observed in the upper 10-m depth of the core. Much of the Calvert Bluff sediments in east Texas consist of similar materials which are referred to as overbank sediments. These sediments were deposited in marshes and swamps between channels (Kaiser, 1974) . The data in Table 1 indicate a high clay content in the B21t horizon of the soil developed from these sediments. Mottling is common in the partly truncated, heavy clay B21t and B22t horizons indicating low permeability. This soil belongs to the Axtell series (L. P. Wilding, Department of Soil & Crop Sciences, Texas A&M University, College Station, Texas 77843, personal communication) which is classified as fine, montmorillonitic, thermic Udertic Paleustalfs. Soils with high clay contents in the subsoil horizons are common throughout the lignite belt of east Texas (Henry and Kastning, 1978) .
The materials in the upper 7 m of the core (oxidized zone) were characterized by reddish brown colors with a Munsell chroma of 3 or greater and more free iron oxides (Figure 2 ) than underlying materials. Oxidation of pyrite in this zone has resulted in the release of sulfate ions and the precipitation of gypsum and/or jarosite. Gypsum and jarosite were observed along bedding planes in the oxidized zone and are common on recently exposed mine spoils. The occurrence of jarosite and gypsum along bedding planes suggests that these minerals were not formed while the core was in storage but were formed in situ as a result of natural weathering processes. More intense weathering at the top of the core is indicated by a gradual decrease in pH towards the surface. Variations in pH were also observed below the oxidized zone, but are attributed to the presence of sulfuric acid produced by the oxidation of pyrite during storage of the core. There appears to be a correlation between zones of low pH at depths of 8, 16, and 24 m and higher contents of pyritic S (Figure 2 ).
Clay mineral alterattons
Formation of kaolinite. The greater abundance of kaolinite, particularly in the B2 It horizon at the top of the core (Table 2) , may be explained in several ways. It is possible that differential eluviation resulted in a concentration of the relatively larger particles of kaolinite in this horizon. However, it appears that the more intense weathering at the top of the core favored the formation of kaolinite. Increasing quantities of fine claysize kaolinite from the C to the B21t horizon at the surface are indicated by the XRD (Figure 3 ) and IR ( Figure  4 ) data. The IR absorption bands at 3695 and 3620 cm -1 are due to hydroxyl stretching of the A12OH bonds in kaolinite (Farmer, 1974) . However, absorption of the AI~OH bonds in the 2:1 structures also contributes to the intensity of the 3620 cm 1 bands. The intensity of the 3695 cm -1 bands which are entirely due to kaolinite increases from the C to the B21t horizon. Although most of the kaolinite in these materials is thought to be detrital (Fisher and McGowen, 1967) , increasing amounts of kaolinite towards the surface (both in the coarse and fine size fractions) suggest that at least some of the kaolinite has formed as a result of weathering. Alteration of mica to high-charge srnectite. The smecrite in the coarse clay fractions (2-0.2/zm) from B21t and B22t horizons shows characteristics which are intermediate between those of vermiculite (collapsed to 10 A on saturation with K and air drying) and smectite (Mg-saturated samples expanded to 17.7/~ on glycerol solvation). This phenomenon was also observed by Egashira et al. (1982) 
/ /
Changes with depth in the K-fixation capacity (/3) of coarse clay (2-0.2/zm) (Cc) and fine clay (<0.2 tzm) (Fc) fractions from core Ro 1. Values of/3 for the Mt02 and Mt05 reference smectites are 27.4 and 15.7, respectively. pandable 2:1 minerals which collapsed to 10 A after saturation with K and air-drying (high-charge smectite) decreased with depth ( Figure 5 ), indicating that the highcharge smectite is more abundant in the most highly altered samples at the top of the core. Most of the smectite in the least altered sample (horizon C) collapsed to only 12 A after saturation with K and air-drying. The Table 2 . Semiquantitative mineralogical composition of clay samples (<2.0/zm) from core Ro 1 estimated from cationexchange capacity, K20, and X-ray powder diffraction data. increase in the amount of high-charge smectite and the corresponding decrease in the amount of mica from horizon C to B21t (Table 2) suggest that the formation of the high-charge smectite may be related to weathering of the mica. The K-fixation capacity (/3) is a direct measure of the loss of CEC on saturation of the clay with K and drying overnight at 110~ and is related to the amount of highcharge smectite present. Decreasing values of/3 indicate that the high-charge smectite is most abundant in the B21t horizon and decreases with depth ( Figure 6 ). The greater abundance of the high-charge smectite in the coarse clay fractions (2-0.2 ~m) also indicates that it is a product of mica weathering because mica occurs mainly in the coarse clay fraction.
Expandable 2: I layer silicate minerals react with large organic n-alkylammonium cations to give basal spacings which are strongly dependent upon the layer charge of the mineral and the chain length of the cation (Weiss, 1963; Weiss, 1969, 1976; Lagaly, 1981) . The octadecylammonium complexes of the high-and lowcharge species of smectite in the overburden materials are characterized by peaks at 32 and 19A, respectively (Figure 7) . The basal spacings of two reference smectites Mt02 and Mt05 (with CEC values of 140 and 85 meq/100 g, respectively) are also included in Figure 7 . The reference smectite with a higher charge (Mt02) gave a higher basal spacing (22/~) compared to that of the low-charge smectite (18.4 A). The d-spacing of the highcharge smectite in the overburden materials is greater than that of reference smectite Mt02 by approximately 10 A, suggesting that the high-charge smectite in the overburden materials may be regularly interstratified with a 10-A, mica-like component. Such interstratification would explain the fairly large d-spacing (32 A) observed for this mineral. According to Lagaly (1979) , n-alkylammonium cations only react with the smectitic component of such a mixed-layered mineral when the sample is treated for only a short time (24 hr). If this interpretation is valid, the d-spacing of the smectitic or expandable component is simply the difference between 32 and 10 A (22 A), a value approximately equal to that of reference smectite Mt02.
The low-charge smectite in the less weathered sampies at greater depth gave d-spacings that are fairly close to those of the reference low-charge smectite (Mt05). From the relative changes with depth in the intensities of the 32 and 19 A peaks, the amount of high-charge smectite increases, whereas the amount of low-charge smectite decreases towards the surface. The trends in Figure 7 suggest that the formation of the high-charge smectite is related to weathering processes. An alternative explanation is that the finer grained, low-charge smectite has been leached, leaving the coarser, highcharged material in greater abundance in the upper layers. However, this latter explanation does not explain fully these trends over the full depth investigated.
Low-charge smectite (montmorillonite) and highcharge smectite (beidellite) were observed by Nash (1979) in soils developed from similar sediments in Mississippi. The high-charge smectite was the dominant species in the surface horizons, whereas both low-and high-charge smectite were present in the deeper horizons. The high-charge smectite in the surface horizons showed basal spacings of 18/k after Mg-saturation and glycerol solvation, and spacings of 14/~ after K-saturation and glycerol solvation. The basal spacings of the low-charge smectite remained at 18 A after K-saturation and glycerol solvation. Nash (1979) concluded that the high-charge smectite is an alteration product of mica or glauconite and that the low-charge smectite was inherited from the parent materials.
The undisturbed native soils developed from the lignite overburden sediments in east Texas contain large quantities of smectite, particularly in the fine clay (<0.2 /xm) fraction. Removal of these soils by strip mining operations could improve the agricultural potential of this region provided that materials with a medium texture are preferentially deposited on surface of the reclaimed land and plant nutrient needs are met by adequate fertilization. Only materials from the oxidized zones, however, should be placed on reclaimed land to reduce the acidity potential, because all of the acidforming (sulfide) minerals in these materials have been oxidized.
